Background Stress is associated with cognitive and emotional dysfunction, and increases risk for a variety of psychological disorders, including depression and posttraumatic stress disorder. Prefrontal cortex is critical for executive function and emotion regulation, is a target for stress hormones, and is implicated in many stress-influenced psychological disorders. Extinction of conditioned fear provides an excellent model system for examining how stress-induced changes in corticolimbic structure and function are related to stress-induced changes in neural function and behavior, as the neural circuitry underlying this behavior is well characterized. Objectives This review examines how acute and chronic stress influences extinction and describes how stress alters the structure and function of the medial prefrontal cortex, a potential neural substrate for these effects. In addition, we identify important unanswered questions about how stress-induced change in prefrontal cortex may mediate extinction deficits and avenues for future research. Key findings A substantial body of work demonstrates deficits in extinction after either acute or chronic stress. A separate and substantial literature demonstrates stress-induced neuronal remodeling in medial prefrontal cortex, along with several key neurohormonal contributors to this remodeling, and there is substantial overlap in prefrontal mechanisms underlying extinction and the mechanisms implicated in stress-induced dysfunction of-and neuronal remodeling in-medial prefrontal cortex. However, data directly examining the contribution of changes in prefrontal structure and function to stress-induced extinction deficits is currently lacking. Conclusions Understanding how stress influences extinction and its neural substrates as well as individual differences in this effect will elucidate potential avenues for novel interventions for stress-sensitive disorders characterized by deficits in extinction.
the more modern formulation, allostasis (McEwen 2017)-can vary in their intensity, duration, and chronicity. Further, cognitive processing of potentially stressful events can vary across individuals. Thus, it is not surprising that such challenges can have a range of effects, varying from beneficial to detrimental (Sapolsky 2003) . Nonetheless, excessive, chronic, or repeated stress can produce cognitive and emotional dysfunction. For instance, stressful life events play a role in precipitating episodes of major depression, and traumatic stressors can trigger posttraumatic stress disorder (Lechin et al. 1996; Turner and Lloyd 2004) . Furthermore, risk for mood and anxiety disorders increases with repeated exposure to stress (Risch et al. 2009 ). Such chronic stressors have adverse effects on many behaviors in the absence of overt psychopathology. For instance, several studies have demonstrated stress-induced deficits on a variety of cognitive and emotion-regulation tasks, including extinction of conditioned fear, attentional set-shifting, spatial learning and recognition, and working memory in animal models (reviewed in Conrad et al. 2017; Hurtubise and Howland 2017; Maren and Holmes 2016) .
A brief overview of extinction circuitry
Extinction of conditioned fear provides an excellent model system for examining how stress-induced changes in corticolimbic structure and function are related to stressinduced changes in behavior, as the neural circuitry underlying this behavior is well characterized, and involves interactions among the medial prefrontal cortex, hippocampus, and basolateral amygdala (Fig. 1) . During fear conditioning, an animal, typically a rat or mouse, is placed in a chamber and acquires a learned fear response to a neutral stimulus, such as a tone, that is presented in the chamber and paired with an aversive unconditioned stimulus (US), such as a footshock (Fig. 2) . Repeated pairings of the tone with the footshock result in a conditioned fear response to the tone, now a conditioned stimulus (CS). In rodent models, the animal's freezing during the tone, defined as the absence of all movement except that due to breathing, is a common measure of the conditioned fear response (CR). After time for consolidation of the fear memory, the animal is then presented with the CS in the absence of the US. Repeated presentation of the CS alone results in extinction of the conditioned fear response-the animal learns that the tone no longer predicts the footshock, and no longer freezes in response to presentation of the tone (Orsini and Maren 2012; Quirk and Mueller 2007) . Memory for extinction can be measured by presentation of the CS on subsequent days. High levels of freezing during the CS indicate poor retention or retrieval of the extinction memory.
Interactions among the medial prefrontal cortex, hippocampus, and amygdala underlie fear conditioning and extinction. The basolateral amygdala is a key site of convergence for unconditioned and conditioned stimuli, a critical requirement for the neuroplasticity necessary for learning of fear conditioning (Maren et al. 2001) , and the acquisition of fear conditioning is mediated by amygdaloid nuclei (reviewed in McCullough et al. 2016) . The basolateral amygdala is also involved in mediating the initial acquisition of extinction, as either temporary inactivation (Akirav et al. 2006) or blockade of glutamatergic transmission (Herry et al. 2006; SotresBayon et al. 2007 ) in basolateral amygdala prevents or attenuates extinction. Thus, the basolateral amygdala plays a critical role in the acquisition of conditioned fear.
As reviewed extensively elsewhere (e.g., Maren and Holmes 2016; Tronson et al. 2012) and in this special issue, medial prefrontal cortex contributes to both expression and extinction of conditioned fear. The medial prefrontal cortex is composed of several functionally and neuroanatomically distinct subregions, including the prelimbic and infralimbic cortices, which appear to play opposing roles in the modulation of conditioned fear. For instance, c-Fos expression in prelimbic cortex is increased after retrieval of the conditioned fear memory (e.g., Knapska and Maren 2009) , and neural activity in prelimbic cortex is associated with freezing during extinction (Burgos-Robles et al. 2009 ). Temporary inactivation of prelimbic cortex during extinction disrupts conditioned fear expression (Corcoran and Quirk 2007) Paxinos and Watson (2007) expression and slows extinction of the fear memory (Vidal-Gonzalez et al. 2006) . More recent studies have used optogenetic techniques to demonstrate that silencing of projections from the prelimbic cortex to the basolateral amygdala reduces expression of recently acquired fear CRs (Do-Monte et al. 2015b) . Together, these studies indicate that the prelimbic cortex is involved in the expression of conditioned fear. On the other hand, the infralimbic cortex appears to play a role in extinction. Rats with lesions of the infralimbic cortex exhibit normal acquisition of fear conditioning and initial extinction, but deficits in the ability to retrieve extinction memory (Quirk et al. 2000) . Likewise, electrical stimulation (Milad et al. 2004) , pharmacological activation (Chang and Maren 2011) , or optogenetic activation (Do-Monte et al. 2015a ) of the infralimbic cortex during extinction training facilitates extinction retrieval. Conversely, pharmacological (BurgosRobles et al. 2007) or optogenetic blockade (Do-Monte et al. 2015a ) of activity in the infralimbic cortex impairs extinction retrieval. Further, extinction learning potentiates excitability of infralimbic neurons that project to the basolateral amygdala (Bloodgood et al. 2018) , and neurons in the infralimbic cortex increase firing rates in response to the CS during extinction retrieval (Milad and Quirk 2002) . Finally, chemogenetic inhibition of prefrontal projections to basolateral amygdala impairs extinction (Bloodgood et al. 2018) . Taken together, such evidence suggests that the infralimbic cortex is necessary for the consolidation of extinction. Thus, there is regional specificity in the involvement of medial prefrontal cortex in the modulation of fear conditioning and extinction: prelimbic cortex facilitates fear expression while infralimbic cortex is involved in fear extinction or suppression.
Importantly, extinction appears to involve the formation of a new, BCS-no US^memory, which is highly dependent on the context in which extinction occurs. For instance, an extinguished CR will reappear, or renew, when the CS is presented in a different context than that in which the extinction learning occurred (Bouton and Ricker 1994) . This context dependence is mediated by the hippocampus, and extinction learning potentiates the hippocampus-to-medial prefrontal cortex pathway (reviewed in Bouton et al. 2006 ).
Links among stress, extinction, and psychopathology
Variations in the ability to acquire, consolidate, and/or retrieve an extinction memory could contribute to stress-sensitive disorders such as post-traumatic stress disorder (PTSD; Holmes and Singewald 2013; Milad et al. 2009 ). Patients with PTSD have impairments in both the ability to extinguish an aversive CR Peri et al. 2000) and later retrieval of the extinction memory ). These extinction deficits could contribute to the persistence of traumatic memories in the absence of the trauma-inducing stimulus, a hallmark of PTSD (Holmes and Singewald 2013; Yehuda and LeDoux (Holt et al. 2009 ). Furthermore, aberrant processes relevant to extinction have been implicated in relapse to drug-seeking after abstinence has been achieved (Khoo et al. 2017) . Thus, extinction could perhaps be conceptualized as an example of behavioral or cognitive flexibility, which is impaired in a variety of stress-sensitive disorders.
In this paper, we review how acute and chronic stress influence extinction in animal models, focusing on the effects of stress in adulthood. We then describe how stress alters a potential neural substrate for these effects, the medial prefrontal cortex. We conclude by identifying important unanswered questions and avenues for future research.
Effects of chronic stress on extinction and its neural substrates
Effects of chronic stress on extinction
In male rats, the acquisition of either contextual or cued fear conditioning can be enhanced with prior exposure to chronic restraint stress, with stressed males freezing more to either CS or context than unstressed males (e.g., Conrad et al. 1999b; Conrad et al. 2001; Farrell et al. 2010; Hoffman et al. 2015; Sanders et al. 2010) . Chronic exposure to glucocorticoids at levels similar to those produced by chronic stress also facilitates acquisition of fear conditioning (Conrad et al. 2004 ).
Others have demonstrated that stress impairs extinction (see Table 1 ). For instance, 1 week of daily restraint stress impairs retrieval of extinction of conditioned fear in the absence of a significant facilitation of fear learning (Miracle et al. 2006; Wilber et al. 2011) . Subsequent studies have shown that 1 week of unpredictable mild stress produced similarly specific changes in extinction retrieval (Garcia et al. 2008) , as did a longer-term stressor (6 h of daily restraint stress for 3 weeks; Baran et al. 2009 ). Application of 2 h of restraint, 20 min of forced swim, and ether exposure in rapid succession on the same day (the BSingle Prolonged Stressor^model) likewise impaired extinction acquisition and retrieval 7 days later while not significantly altering fear learning (Knox et al. 2012a (Knox et al. , b, 2010 . In mice, just 3 episodes of 10-min swim stress before fear conditioning attenuated the rate of extinction, though the experimental design did not allow for differentiation between extinction acquisition and extinction retrieval (Izquierdo et al. 2006) . Note that in all of these studies, stress exposure occurred prior to fear conditioning. Thus, the possibility that the apparent impairment of extinction reflected a facilitation of conditioning, and thus increased resistance to extinction, cannot be completely ruled out. However, the interpretation of these results as impaired extinction is strengthened by findings that the deficit in extinction remains when either unstressed and stressed groups are matched for initial fear learning (Goswami et al. 2010; Miracle et al. 2006) or freezing during initial extinction is used as a covariate (Goswami et al. 2010 ; though note that this effect was in PTSDsusceptible Lewis rats). Furthermore, a study using extensive habituation trials (presentations of tone alone prior to fear conditioning; Baran et al. 2009 ) found deficits in extinction ↔, no change; ↓ impaired; ↑ facilitated; fc, fear conditioning; f ret, fear retrieval; ext acq, extinction acquisition; ext ret, extinction retrieval retrieval in restraint-stressed rats, despite similar fear memory acquisition between unstressed and stressed rats. Importantly, extinction-naïve stressed rats showed comparable freezing to tone when tested 1 day later. This pattern of results suggests that differences between stressed and unstressed rats during testing for extinction retrieval do indeed reflect deficits in the extinction memory. Subsequent studies have demonstrated that an acute platform stressor applied after acquisition of conditioned fear impairs extinction (Maroun et al. 2013; Schayek and Maroun 2015) . While these studies eliminate the possibility of stress-induced facilitation of acquisition, the experimental design, in which stress was applied immediately after a probe for fear retrieval, leaves open the possibility that stress strengthened memory reconsolidation, thus promoting fear during extinction training. Nonetheless, taken together, these results strongly suggest that prior chronic stress impairs extinction retrieval. However, future studies might benefit from experimental designs that more clearly isolate stress effects to extinction, via interposing episodes of either acute or chronic stress between conditioning and extinction, with appropriate delays between testing for fear memory, initiating stressor exposure, and subsequent extinction trials.
Effects of chronic stress on medial prefrontal cortex
Stress-induced changes in the neural substrates of extinction are well documented. For instance, stress-induced changes in the medial prefrontal cortex appear to be responsible for the stress-induced increase in freezing during extinction memory testing, as removal of the infralimbic cortex before the chronic stressor occludes the stress-induced impairment of extinction retrieval without altering the effect of stress on initial fear learning (Farrell et al. 2010 ; though this study could not rule out the possibility that the occlusion might be due to effects upstream of infralimbic cortex). Further, in male rats, stressinduced alterations in fear conditioning and extinction are associated with stress-induced changes in neurophysiology. For instance, the deficit in extinction retrieval induced by 7 days of prior chronic restraint stress is accompanied by alterations in activity of infralimbic cortex neurons (Wilber et al. 2011) . In prelimbic cortex, stress prevented the tone-evoked inhibition of activity seen in unstressed rats. In infralimbic cortex, neurons in unstressed rats exhibited increased firing rate in response to the CS, whereas in stressed rats, this tone-related increase in firing was absent. In addition, chronic restraint stress impaired induction of LTP in the hippocampus-tomedial prefrontal cortex pathway (Cerqueira et al. 2007a) . Given that hippocampal projections to prefrontal cortex play a critical role in extinction learning (Knapska et al. 2012; Knapska and Maren 2009 ), this impaired plasticity could have important contributions to the stress-induced impairment of extinction. Indeed, low-frequency stimulation of the hippocampus-to-medial prefrontal cortex pathway after extinction acquisition blocks potentiation of the pathway and impairs extinction retrieval (Garcia et al. 2008) . Similarly, even an acute elevated platform stressor impairs the induction of long-term potentiation in the amygdala-to-mPFC pathway (Maroun and Richter-Levin 2003) , and application of the Single Prolonged Stressor model decreases functional connectivity of the ventral medial prefrontal cortex and the basolateral amygdala, as assessed with expression of the immediate early gene c-Jun during extinction retrieval (Knox et al. 2018) . Taken together, these studies provide support for the notion that stress-induced alterations in the medial prefrontal cortex contribute to deficits in extinction.
Potential prefrontal substrates of stress-induced deficits in extinction: morphology
The medial prefrontal cortex is a target for hormones involved in the stress response, such as corticosterone (Meaney and Aitken 1985) . Stress-induced alterations in neuronal morphology are perhaps the best-documented effects of stress on prefrontal cortex (Fig. 3) . In male rats, chronic restraint stress produces retraction of apical dendrites of pyramidal neurons in the prelimbic cortex (Cook and Wellman 2004; Garrett and Wellman 2009; Liston et al. 2006; Martin and Wellman 2011; Radley et al. 2005 Radley et al. , 2006 Radley et al. , 2004 , an effect that is mimicked with chronic corticosterone administration (Cerqueira et al. 2005 (Cerqueira et al. , 2007b Wellman 2001) . A similar pattern of stressinduced retraction is seen in apical dendritic branches of neurons within the infralimbic region of medial prefrontal cortex (Izquierdo et al. 2006; Moench et al. 2016; Shansky et al. 2009 ). Finally, even shorter, milder episodes of stress are sufficient to produce dendritic atrophy in medial prefrontal cortex: 10 min of restraint stress for 10 days (Brown et al. 2005) or 3 weeks of vehicle injection alone (Wellman 2001) reduce dendritic arborization within the medial prefrontal cortex, again with retraction occurring only in distal portions of the apical arbor. The medial prefrontal cortex appears to be particularly sensitive to even acute stress, as a single episode of forced swimming in mice (Izquierdo et al. 2006) or exposure to an elevated platform stressor in rats (Moench et al. 2016) produces reductions in apical dendritic branch length in the infralimbic cortex. Given the relationship between dendritic structure, dendritic spines, and synaptic input, and neural firing rates (e.g., Rall et al. 1992; Spruston 2008) , along with functional distinctions across dendritic compartments (e.g., apical versus basilar, distal tufts versus proximal trunk; Gordon et al. 2006; Han and Heinemann 2013) and differential inputs across dendritic compartments (e.g., Groenewegen 1988; Swanson and Cowan 1977; Urban-Ciecko and Barth 2016) , these stress-induced structural alterations, with their specificity to the apical dendrite and their distinct spatial distribution within the apical arbor, may have important functional implications. Consistent with this notion, in stressed rats, apical dendritic branch length and number are strongly and negatively correlated with freezing during extinction retrieval (Moench et al. 2016) . Dendritic spines are the major sites of excitatory inputs onto prefrontal pyramidal cells; thus, stress-induced alterations in dendritic spine density could also contribute to extinction deficits. Indeed, stress-and corticosterone-induced dendritic retraction is coupled with a decrease in spine density in the anterior cingulate and prelimbic cortices (Barfield et al. 2017; Hains et al. 2009; Liu and Aghajanian 2008; Radley et al. 2006 Radley et al. , 2008 Swanson et al. 2013) . Importantly, this decrease in spine density correlates with impairment of working memory, a cognitive function mediated by dorsal medial prefrontal cortex, and prevention of the stress-induced spine loss via inhibition of protein kinase C prevents the working memory deficit (Hains et al. 2009 ).
Alternatively, variations in spine morphology are thought to reflect differences in function. For instance, larger, mushroom-type spines are perhaps more mature, less labile, so-called Bmemory spines,^whereas thin spines are thought to be more plastic (Segal 2017) . Accordingly, numerous alterations in dendritic spine morphology after acute or chronic stress have been reported. For instance, a shift in spine morphology from large mushroom spines to smaller thin spines, and thus an overall reduction in spine volume and surface area, has been demonstrated in the dorsal medial prefrontal cortex following either 3 weeks of daily restraint stress (Barfield et al. 2017; Radley et al. 2008 ; though cf. effects of chronic corticosterone administration) or 2 weeks of chronic variable stress (Radley et al. 2013) .
On the other hand, the effects of stress and glucocorticoids on dendritic spines in infralimbic cortex are less clear. In mice, chronic administration of corticosterone via drinking water at a dose that produces restraint-stress levels of corticosterone in plasma significantly reduced dendritic spine density on apical branches of deep-layer pyramidal cells in infralimbic cortex ). However, chronic restraint stress (6 h/day for 3 weeks) did not significantly alter spine density in infralimbic cortex of rats (Shansky et al. 2009 ). These disparate results may reflect sustained high levels of corticosterone in the former study versus habituation to restraint in the later, which suggests that subregions of the medial prefrontal cortex may be differentially sensitive to stress. However, subtle alterations in spine morphology or density accompanying sub-chronic or acute stress may nonetheless contribute to stress-induced deficits in extinction, as density of thin spines and estimates of total numbers of spines on apical terminal branches are strongly negatively correlated with freezing during extinction in rats exposed to one episode of elevated platform stress (Moench et al. 2016) . Important areas for future research include understanding how subregion-specific stressinduced neuronal remodeling influences the physiology of the medial prefrontal cortex and related circuitry; and how these influences are expressed in prefrontally mediated processes such as extinction. (Fiorenza et al. 2012) . Finally, Vieira et al. (2015) used a viral construct to locally delete the obligate NR1 subunit of the NMDA receptor on CAMKIIα-expressing neurons in ventral medial prefrontal cortex to demonstrate that NMDA receptors on excitatory neurons in medial prefrontal cortex are critical for extinction. Therefore, alteration in the glutamatergic system could provide the substrate underlying stress-induced alterations in extinction. Consistent with this hypothesis, stress-induced changes in neuronal morphology and function are accompanied by pronounced alterations in the prefrontal glutamatergic system. For instance, 2 weeks of exposure to stress levels of corticosterone administered via drinking water markedly decreased expression of the NR2B subunit of the NMDA receptor and the GluR2 and 3 subunits of the AMPA receptor in ventral medial prefrontal cortex (comprised of infralimbic cortex and ventral portions of prelimbic cortex), and reduced expression was associated with impaired extinction of contextual fear (Gourley et al. 2009 ). Likewise, 7 days of daily restraint or variable stress altered expression of the NR1, NR2A, and NR2B subunits of the NMDA receptor and the GluR1 and GluR1 subunits of the AMPA receptor in adolescent (1-month-old) rats, and impaired AMPA-and NMDA-receptor mediated neuronal excitability in medial prefrontal cortex (Wei et al. 2014; Yuen et al. 2012) . Similar stress-induced decreases in glutamatergic receptor expression and transmission have been reported in medial prefrontal cortex of adult rats and mice (Jett et al. 2017; Shepard and Coutellier 2018) . Given the well-documented role for NMDA receptordependent activity in prefrontal cortex in extinction (BurgosRobles et al. 2007; Santini et al. 2001; Vieira et al. 2015) , it is likely that this stress-induced dysfunction of the prefrontal glutamatergic system contributes to the stress-induced impairment of extinction.
Interestingly, changes in the glutamatergic system may be driven in part by stress-induced increases in GABAergic inhibition of pyramidal cells. Using patch-clamp recordings, Herman and colleagues (McKlveen et al. 2016 ) recently demonstrated that 2 weeks of chronic variable stress (rotation on a platform orbital shaker, warm swim, cold swim, cold exposure, brief hypoxia, overnight social isolation, overnight social crowding) produced increased miniature inhibitory postsynaptic currents in pyramidal neurons in infralimbic cortex, an effect that was blocked by the application of a GABA A receptor antagonist. This increased inhibition may have been due to increased GABAergic innervation of the pyramidal cells, as the number of Gad65-positive puncta on CAMKIIpositive cells was markedly increased in rats subjected to chronic variable stress (McKlveen et al. 2016 ).
Potential mechanisms of chronic stress-induced alterations in mPFC and extinction deficits
Surprisingly little is known about the mechanisms underlying the chronic stress-induced alterations that lead to extinction deficits. To our knowledge, no studies to date have attempted to prevent stress-induced extinction deficits via manipulations during the application of the stressor. On the other hand, a growing body of literature has begun to elucidate the mechanisms underlying stress-induced changes in the structure and function in medial prefrontal cortex, providing potential clues to the origins of the stress-induced extinction deficit. For instance, systemic administration of the glucocorticoid receptor blocker RU38486 during restraint prevents the apical dendritic retraction and spine loss resulting from 10 days of daily restraint (Liu and Aghajanian 2008) . This is consistent with the finding that, in vitro, glucocorticoid receptors mediate the stress-induced decreases in functional glutamatergic receptors and impairment of glutamatergic transmission in medial prefrontal cortex (Yuen et al. 2012) . However, it is not known whether, in vivo, glucocorticoid receptors contribute to stressinduced dendritic retraction via direct actions in prefrontal cortex, or by modulation of inputs to prefrontal cortex.
In addition, systemic administration of a competitive NMDA receptor blocker during daily restraint stress also prevents stress-induced dendritic retraction in medial prefrontal cortex (Martin and Wellman 2011) . Again, this could be due either to a direct effect in mPFC or alteration of inputs to mPFC. Although unfortunately the aforementioned study did not assess spine density, a small literature implicates NMDARs and AMPA receptors (AMPARs) in chronic stress-induced loss of spines. For instance, a single dose of either the NMDAR blocker ketamine or the specific NMDAR 2B blocker Ro25-6981 following 21 days of chronic unpredictable mild stress (including cold, disruption of light-dark cycle, crowding, shaking, and exposure to an aversive odor) rescued spines, particularly in layer V of PL (Li et al. 2011 ). This effect involved activation of the mTOR (mammalian target of rapamaycin) signaling pathway, as the beneficial effect of NMDAR blockade was prevented by administration of rapamycin. Additionally, NMDAR-and AMPARexcitatory post-synaptic currents (EPSCs) are reduced following 5 or 7 days, but not 1 or 3 days, of repeated behavioral stressors (Li et al. 2011; Yuen et al. 2012) . Further examination of the mechanisms underlying decreased activity at these glutamatergic receptors demonstrated that the reduction in EPSC amplitude is dependent on ubiquitin/proteasome degradation of GluR1 and NR1 subunits (Yuen et al. 2012) . Given the profound and multifaceted influence of glucocorticoids and glucocorticoid receptors on glutamatergic transmission, including both classical and nongenomic effects on glutamate release and clearance as well as NMDAR and AMPAR responses (reviewed in Popoli et al. 2012) , it is interesting to speculate that glutamatergic receptors on dendritic spines may be the final common pathway by which stress-induced increases in glucocorticoids alter both dendritic morphology in mPFC and prefrontally mediated behaviors such as extinction.
Consistent with this notion, modulators of glutamatergic activity, such as dopaminergic signaling and brain-derived neurotrophic factor (BDNF), are critical for extinction learning and have also been implicated in stress-induced alterations in medial prefrontal cortex. For instance, dopamine modulates NMDA receptor-mediated currents via D1 receptors (reviewed in Tritsch and Sabatini 2012). Administration of SCH23390, which blocks the dopaminergic D1 family of receptors, either systemically (Ball et al. 2018) or directly into the infralimbic cortex (Fiorenza et al. 2012; Hikind and Maroun 2008) , impairs extinction, whereas infusion of a D1-family agonist facilitates extinction (Fiorenza et al. 2012) . There are interactions between glucocorticoids and D1 receptors (reviewed in Sinclair et al. 2014) . Thus, it is not surprising that intra-mPFC administration of the D1 blocker SCH23390 prevents stress-induced dendritic retraction (Lin et al. 2015) and attenuates stress-facilitated, priming-induced drug seeking after extinction (Ball et al. 2018) .
BDNF signaling in the ventral hippocampus-infralimbic cortex pathway is both necessary and sufficient for the extinction of fear memories, as BDNF infusion into the infralimbic but not prelimbic cortex can either facilitate or even induce extinction (Rosas-Vidal et al. 2014) , and infusion of an antibody against BDNF into infralimbic but not prelimbic cortex impairs extinction (Rosas-Vidal et al. 2014) . BDNF infusion into the hippocampus increases BDNF release in infralimbic cortex (McGinty et al. 2010) , increases the firing rate of IL neurons (Rosas-Vidal et al. 2014) , and facilitates extinction in poor learners (Peters et al. 2010) , suggesting that projections from hippocampus to IL are critical for extinction. Given that chronic stress reduces BDNF expression in hippocampus (Lakshminarasimhan and Chattarji 2012) , it is possible that this reduction leads to reduced BDNF release in IL, resulting in decreased synaptic plasticity, and impaired extinction. Indeed, BDNF appears to play a key role in synaptic remodeling in hippocampus ) and amygdala (Govindarajan et al. 2006 ) following stress. However, evidence for its role in mPFC is mixed, with some reports of stress-induced downregulation of BDNF mRNA (reviewed in Calabrese et al. 2009) , and other studies failing to find stress-induced changes (Chiba et al. 2012; Lin et al. 2009 ). On the other hand, infusion of BDNF into infralimbic cortex can reverse some of the behavioral effects of stress (Graybeal et al. 2011) . Further, Yu et al. (2012) demonstrated that 7 days of chronic restraint stress reduced spine density in mPFC of Val66Met knock-in mice, in which activity-dependent release of BDNF is reduced, compared to stressed wild-type (WT) mice. Interestingly, although the behavioral and neuroendocrine profile of these knock-in mice was comparable to that of WT prior to stress exposure, spine density was not different in unstressed WT versus knock-in mice. Nonetheless, stressinduced increases in plasma corticosterone and adrenocorticotropic hormone (ACTH) were greater in knock-in mice relative to WT. Thus, low basal levels of BDNF are not sufficient to decrease spine density, but could contribute to the development of a heightened response to stress, leading to downstream effects on spinogenesis. This finding illustrates the importance of considering gene × environment interactions in the pathophysiology of stress-sensitive disorders. In addition, administration of ketamine, an NMDA antagonist, did not ameliorate the effects of BDNF deficiency in Val66Met knock-in mice, but does ameliorate stress-induced prefrontal spine loss in WT mice and rats, indicating that BDNF plays a crucial role in synaptogenesis in mPFC. Liu et al. (2012) suggest a mechanism by which glucocorticoids, NMDARs, and BDNF interact to mediate synaptogenesis: (1) ketamine transiently increases the presynaptic release of glutamate, leading to a burst of action potentials at the synapse; (2) this bursting increases AMPAR stimulation, facilitating the release of BDNF; (3) BDNF binds to its receptor (TrkB), activating mTOR, which has the downstream effect of the translation of synaptic proteins, thus leading to synaptogenesis . Therefore, if BDNF is downregulated as in Val66Met knock-in mice or by chronic stress, the downstream events of ketamine administration or natural rises in glutamate will be blocked, resulting in either synaptic stasis or potentially, synaptic pruning in cases where excess levels of glucocorticoids are present (see Fig. 4 ). This synaptic pruning in turn could contribute to stress-induced deficits in extinction.
Unanswered questions and future directions

Circuit-level considerations
Several stress-related disorders, including anxiety (Weniger et al. 2006) , depression (Fossati et al. 2004) , PTSD (Chen et al. 2006) , and schizophrenia (Suzuki et al. 2005) , have been associated with changes in the volume of the prefrontal cortex, amygdala, and hippocampus, implicating these regions as important targets for investigating stress effects in the brain. In fact, all three structures are rich in corticosteroid receptors and are involved in the regulation of hypothalamic-pituitaryadrenal axis activity (Bhatnagar et al. 2004; Dayas et al. 1999; Ulrich-Lai and Herman 2009) . Further, these brain regions are directly and indirectly interconnected Nakamura 2003, 2006; McDonald et al. 1996; Vertes 2006) , allowing for reciprocal regulation of activity (Bruchey et al. 2007; Knapska et al. 2012; Knapska and Maren 2009; Likhtik et al. 2008; Orsini et al. 2011; Quirk et al. 2003; Rosenkranz and Grace 2001; Sotres-Bayon et al. 2004 ). Indeed, interactions among the medial prefrontal cortex, hippocampus, and amygdala are critical to appropriate fear conditioning and extinction (Knapska et al. 2012 ). Yet chronic stress has very different effects across corticolimbic structures. For instance, whereas chronic stress via a variety of manipulations results in apical dendritic retraction in medial prefrontal cortex, changes in orbitofrontal cortex are quite different: the chronic restraint procedure (6 h/21 days) that produces dendritic retraction in anterior cingulate, prelimbic, and infralimbic cortex increases dendritic material in the lateral orbitofrontal cortex in rats , as does 3 weeks of chronic unpredictable stress (Dias-Ferreira et al. 2009 ). Interestingly, this dendritic growth can occur quite rapidly, after just one exposure to 4 h of restraint (Godar et al. 2015) . Despite this stress-induced dendritic outgrowth, chronic administration of stress levels of corticosterone produced significant and long-lasting reductions in spine densities in orbitofrontal cortex. This persistent spine loss is associated with depression-like behaviors. Interestingly, administration of lower doses of glucocorticoids produced increased spine densities in orbitofrontal cortex, and prevention of this glucocorticoid-induced spine proliferation via knockdown of p190rhogap-a protein associated with spine stabilization-resulted in induction of depression-like behaviors . Given the reciprocal connections and considerable overlap in targets of medial prefrontal cortex and orbitofrontal cortex, along with recent evidence that some functions of orbitofrontal cortex may parallel those of infralimbic cortex-including playing a role in certain kinds of extinction (Gourley and Taylor 2016) , the differential effects of stress on these prefrontal regions could profoundly impact the function of the neural circuitry underlying extinction.
Likewise, chronic stress may also produce a very different pattern of changes in the basolateral amygdala compared to the medial prefrontal cortex. Chattarji and colleagues found that as little as 10 days of immobilization stress (2 h per day) increased both length and number of dendritic branches of pyramidal and stellate neurons in the basolateral amygdala in rats (Govindarajan et al. 2006; Mitra et al. 2005; Vyas et al. 2006 Vyas et al. , 2002 Vyas et al. , 2004 . Similar changes in dendritic length are seen after chronic restraint stress in mice (6 h/day for 21 days; Johnson et al. 2009 ). These changes in dendritic morphology are paralleled by increases in spine density in both rats and mice (Govindarajan et al. 2006; Mitra et al. 2005; Vyas et al. 2006) , an effect that is associated with increased freezing during extinction retrieval (Maroun et al. 2013) . Interestingly, whereas stress-induced changes in dendritic morphology in medial prefrontal cortex have been demonstrated to be reversible within 7 days (Moench and Wellman 2017) , the effects of stress on amygdaloid morphology may be more Possible neurochemical/molecular pathways for stress-induced synaptic remodeling in medial prefrontal cortex. Above. In an unstressed animal, increases in postsynaptic glutamatergic signaling (1) are associated with BDNF release (2); BDNF's activity at its TrkB receptor (3) results in increased synaptogenesis via an mTOR-dependent pathway (4). Below. During chronic stress, increased glucocorticoid signaling (1) results in loss of functional NMDA and AMPA receptors (2), which decreases postsynaptic glutamatergic signaling (3). Concurrent reductions in BDNF release (4) in medial prefrontal cortex decreases TrkB signaling (5), resulting in decreased synaptogenesis (6) persistent. Vyas and colleagues (Vyas et al. 2004 ) demonstrated that the dendritic hypertrophy in basolateral amygdala resulting from chronic immobilization (2 h/day, 10 days) persists up to 21 days after the cessation of stress. Likewise, stellate and pyramidal neurons in the basolateral amygdala neurons undergo dendritic hypertrophy in as little as 1 day after traumatic brain injury (which may perhaps be considered a physiological stressor), which persists at least 4 weeks later, despite lack of neuronal loss in this structure (Hoffman et al. 2017) . Note, however, that the effect of stress on the basolateral amygdala may depend on intensity or modality of the stressor: others have found that daily restraint stress (6 h/day, 10 days) resulted in significant debranching and retraction of pyramidal neurons in basolateral amygdala (Grillo et al. 2015) , as did acute elevated platform stress (Maroun et al. 2013) . Potential stress-induced alterations in dendritic length and branch number have not been assessed across multiple subregions of the amygdala. However, stressinduced changes in dendritic spine density have been shown to vary across amygdaloid nuclei. For instance, in the medial amygdaloid nucleus of mice, chronic restraint stress (6 h/day for 3 weeks) decreased spine density on stellate neurons, whereas the same manipulation increased spine density in basolateral amygdala (Bennur et al. 2007) .
Finally, chronic stress-induced alterations in the morphology of hippocampal neurons-most prominently, pyramidal neurons in area CA3-have been extensively documented (e.g., Christian et al. 2011; Conrad et al. 1999a; Magariños and McEwen 1995; Magariños et al. 1996) . However, morphology of hippocampal neurons may be less sensitive to stress than is either the medial prefrontal cortex or the basolateral amygdala. For instance, in a parametric study, McLaughlin et al. (2007) found that rats exposed to 6 h of daily restraint for 3 weeks demonstrated pronounced retraction of CA3 apical dendrites, whereas 6 h of daily restraint for 10 days did not. The intensity or type of the daily stressor may also be critical: 2 h of restraint per day for either 10 days or 3 weeks also failed to produce CA3 dendritic retraction (McLaughlin et al. 2007) , whereas 3 weeks of social defeat (Kole et al. 2004) or 10-day immobilization stressor resulted in dendritic retraction in CA3 (Christian et al. 2011) .
Delineating the differential contributions of these corticolimbic structures to stress-induced alterations in behaviors mediated by them is critical. Studies employing temporary inactivation of specific corticolimbic structures during stress or subsequent behavioral testing; administering, for instance glucocorticoid receptor blockers into specific corticolimbic structures; or conditional, viral, or chemogenetic inactivation of specific genes or gene products within these structures could tease apart the contribution of each of these interconnected structures to both stress-induced dendritic alterations and their contributions to stress-induced changes in behaviors mediated by these structures. Ultimately, it is likely that stress-induced deficits in extinction are an emergent property of the differential changes in activity in the circuit as a whole. Studies that simultaneously assess stressinduced changes in the activity of critical nodes in the extinction circuit during extinction and extinction retrieval are critically needed to shed light on this issue.
Sex differences in stress effects on extinction and its neural substrates
Despite dramatic sex differences in the rates and expression of stress-related psychological disorders (Cover et al. 2014) , the vast majority of the research on the neurobiological mechanisms underlying stress effects on emotional behavior has focused on males, as have the preceding sections of this review. Investigations of the mechanisms underlying potential stressinduced plasticity of corticolimbic structures in females may provide the groundwork necessary to develop sex-specific treatment for stress-related psychopathology. A handful of studies has begun to address this issue, and has demonstrated that indeed stress has very different effects on the structure and function of corticolimbic brain regions involved in extinction. For example, while chronic stress impairs extinction in male rats, similar deficits are not observed in female rats (Baran et al. 2009; Hoffman et al. 2010) . Further, whereas male rats exhibit dendritic retraction in mPFC following stress, female rats either exhibit no dendritic changes or may even exhibit dendritic hypertrophy (Garrett and Wellman 2009; Moench and Wellman 2017; Shansky et al. 2010) . Finally, 2 weeks of unpredictable mild stress differentially impacts dorsal medial prefrontal cortex in female mice, producing more pronounced increases in parvalbumin expression (Shepard et al. 2016 ) and increases in phosphorylated ERK on parvalbumin-positive cells, likely due to increased glutamatergic input onto these cells (Shepard and Coutellier 2018) . Systematic investigation of the phenomenology, functional implications, and mechanisms underlying such sex-dependent effects of stress is critical for developing sex-specific treatments for stress-sensitive psychopathologies.
Closing thoughts
A growing body of evidence demonstrates that prior stresseither chronic or acute-increases freezing during extinction retrieval. However, whether this effect reflects a strengthening of fear acquisition and memory or weakening of extinction acquisition or memory awaits careful testing. Likewise, while several studies have identified potential stress-induced alterations in mPFC structure and function that may underlie alterations in extinction, much work remains to be done, both at the level of neurochemical mechanisms and localization of these mechanisms to specific structures, to test the hypotheses that these changes mediate stress-induced deficits in extinction. Ultimately, a full understanding of the neural mechanisms underlying stress-induced impairments in extinction will require investigations at the circuit level of analysis, to account for differential and opposing effects of stress on the neural circuitry underlying extinction. Finally, investigation of the neural basis for individual differences, such as sex differences in vulnerability to stress-induced alterations in extinction, will be instrumental in identifying avenues for novel interventions for stress-sensitive disorders characterized by deficits in extinction.
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